To investigate the role of the Egr family of transcription regulatory factors in neuronal apoptosis, we examined the effect of a dominant negative Egr inhibitor construct in a well characterized in vitro paradigm, cerebellar granule cell death induced by withdrawal of depolarizing concentrations of extracellular potassium. We found that this apoptotic stimulus increases the activity of a reporter gene driven by the Egr response element and that a dominant negative inhibitor of Egr-mediated transcription blocks granule cell apoptosis. In contrast, apoptosis of immature granule cells induced by cytosine arabinoside is not inhibited by the Egr inhibitor construct. Because activation of c-Jun is an essential step in granule cell death induced by potassium deprivation, but not cytosine arabinoside, we asked whether the Egr inhibitor acts by influencing c-Jun activation or its ability to induce apoptosis. We found that the Egr inhibitor does not block the ability of a constitutively active c-Jun construct to induce apoptosis in these cells but does suppress activation of c-Jun-mediated transcription induced by lowering extracellular potassium concentration. Furthermore, the Egr inhibitor blocks the ability of MEKK1 [mitogen-activated protein kinase (MAPK) kinase kinase 1], an upstream kinase capable of stimulating the JNK (c-Jun N-terminal protein kinase)-c-Jun pathway, to induce apoptosis and activate c-Jun. Together, these studies indicate that the Egr family of transcription factors plays a critical role in neuronal apoptosis and identify c-Jun activation as an important downstream target of the Egr family in this process.
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The central role of apoptosis in both normal development of the nervous system and the pathophysiology of neuropsychiatric disorders has focused attention on deciphering the complex array of intracellular signaling pathways that control neuronal survival and death (Yuan and Yankner, 2000) . Recent studies have provided evidence that Egr1, a transcription regulatory factor that is robustly induced by a broad range of extracellular stimuli (Gashler and Sukhatme, 1995) , may be involved in triggering apoptosis under certain circumstances. For example, Egr1 appears to be required for thapsigargin-induced apoptosis in a melanoma cell line (Muthukkumar et al., 1995) . In addition, Egr1 enhances sensitivity of fibroblasts to apoptosis induced by ionizing radiation (Das et al., 2001 ). However, in other studies, Egr1 appears to confer resistance to apoptotic stimuli (Hallahan et al., 1995; Huang et al., 1998) .
Although these studies implicate Egr1 in apoptotic signaling in peripheral cell types, little attention has been paid to investigating the involvement of Egr1 or other Egr family members in neuronal apoptosis. Recently, Egr1 has been implicated in neuronal apoptosis induced by zinc toxicity (Park and Koh, 1999) ; however its role in other, widely studied neuronal apoptosis paradigms has not been clarified. The paucity of information on Egr family members in neuronal apoptosis may stem, in part, from findings linking this transcription factor family to neuronal plasticity , which may have diverted attention from considering its role in neuronal apoptosis. However, there are clear precedents for transcription factors, such as p53 or c-Jun (Behrens et al., 1999; Vogelstein et al., 2000) , being involved in regulating multiple cellular processes. In addition, there is now compelling evidence that cAMP response element-binding protein plays pivotal roles in both neuronal survival and plasticity (Dash et al., 1990; Guzowski and McGaugh, 1997; Lamprecht et al., 1997; Ahn et al., 1999; Riccio et al., 1999) . In light of these considerations, we have conducted studies aimed at assessing the role of the Egr family in a well established neuronal apoptosis paradigm, cerebellar granule cell death induced by withdrawal of depolarizing concentrations of potassium (D'Mello et al., 1993; Miller and Johnson, 1996; Tanabe et al., 1998; Watson et al., 1998) . This neuronal apoptotic paradigm appeared to be well suited to addressing this issue because recent studies have indicated that Egr1 expression is induced in these cells by this apoptotic stimulus (Catania et al., 1999) .
MATERIALS AND METHODS
Chemical reagents and plasmids. C ytosine ␣-D-arabinof uranoside (AraC) (Sigma, St. L ouis, MO) and Hoechst 33258 (Molecular Probes, Eugene, OR) were obtained commercially. Preparation of Z nEgr3, an expression construct encoding the zinc finger DNA binding domain of Egr3, has been described previously (O'Donovan et al., 2000; Levkovitz et al., 2001 ). E xpression plasmids encoding the zinc finger domains of Egr1 and Sp1, Z nEgr1 and Z nSp1, respectively (Chapman and Perkins, 2000) , were provided by N. D. Perkins (Department of Biochemistry, University of Dundee, Dundee, UK). An expression plasmid for a constitutively active form of c-Jun, c-Jun(Asp) (Leppa et al., 1998) , was provided by D. Bohmann (European Molecular Biology Laboratory, Heidelberg, Germany). An expression plasmid encoding a truncated, constitutively active form of M EK K1 [mitogen-activated protein kinase (M APK) kinase kinase 1] was purchased from Stratagene (La Jolla, CA). The f ull-length rat Egr1 expression plasmid was provided by J. Milbrandt (Washington University, St. L ouis, MO).
To monitor transcription mediated by the Egr response element (ERE), we used an ERE reporter plasmid provided by S. J. K im (National Institutes of Health, Bethesda, MD) in which luciferase is under the control of an ERE sequence located in the TGF␤1 promoter (phTG-5), as described previously (Levkovitz et al. 2001) . To monitor transcription mediated by c-Jun, we used both the PathDetect c-Jun Trans Reporting System, which uses both the Pfa2-c-Jun plasmid and Pfr-L uc, and the PathDetect AP-1 cis Reporting System (Stratagene, La Jolla, CA). To assess activation of ATF2, we used the PathDetect ATF2 Trans Reporting System. The green fluorescent protein (GFP) expression plasmid was obtained from C lontech (Palo Alto, CA) .
Preparation of cultures. C erebellar granule cell cultures were prepared as described by Thangnipon et al. (1983) . Briefly, cerebella from 7-to 9-d-old Sprague Dawley rat pups were dissected from their meninges and minced. The tissue was then trypsinized for 20 min, triturated, and filtered. C ells were seeded onto dishes coated with poly-D-lysine (50 g /ml) and laminin (5 g /ml) at a density of 3-5 ϫ 10 6 cells per 60 mm well and cultured in Eagle's basal medium supplemented with 10% heat-inactivated fetal serum, 25 mM KC l, 0.5%(v/ v) penicillin -streptomycin, and 2 mM glutamine. To prevent growth of glial cells, AraC (5 M) was added to the cultures 24 hr after seeding.
Human embryonic kidney 293 (H EK293) cells were used to express recombinant rat Egr1 as described previously .
Transfection. C erebellar granule cell cultures were transfected using Lipofectamine 2000 (Life Technologies, Gaithersburg, MD). For studies with the zinc finger or c-Jun(Asp) expression constructs, each culture well received ϳ5 g of each plasmid. Briefly, DNA plasmids containing expression or reporter constructs were mixed with the GFP expression vector, in a ratio of 3-4:1 by weight and diluted in Eagle's basal medium. The Lipofectamine 2000 reagent was diluted in Eagle's basal medium and then incubated for 5 min at room temperature. Then, the diluted lipofectamine reagent was mixed with the plasmid DNA at least 20 min before adding this mixture to the cells. Before adding the lipofectamine -DNA mixture to the cultures, half of the culture medium from a well was removed and saved. The lipofectamine -DNA mixture was added dropwise to the culture well, and then the saved medium was placed back in the culture well after 4 hr.
Induction and assessment of apoptosis. The procedure used by Dudek et al. (1997) was used to induce apoptosis of cerebellar granule cells by potassium deprivation. For these studies, cultures were maintained for 5-6 d before transfection. One day after transfection, cerebellar granule cells were placed in fresh media containing either 5 mM KC l and no serum (potassium deprivation) or 25 mM KC l and 10% fetal bovine serum (control). In some studies, granule cell apoptosis was triggered by addition of AraC. In these experiments, granule cells were cultured for only 1 d before initiating apoptosis by replacing the medium with fresh medium supplemented with 500 M AraC.
One or 2 d after initiating either of these apoptosis paradigms, Hoechst 33258 was added at 2 g /ml, and GFP-positive cells were inspected by an observer who was unaware of the treatment condition being evaluated. The "blind" observer scored each cell as apoptotic or not based on standard morphological criteria, including nuclear condensation and margination (visualized by Hoechst 33258 fluorescence) as well as cytoplasmatic blebbing and fragmentation of neuronal processes (visualized by GFP fluorescence) (Dudek et al., 1997) . We estimate that ϳ0.1 to 1.0% of granule cells were GFP-positive.
Reporter assays. Sixty millimeter wells were transfected with one of the reporter plasmids, expression plasmids or the corresponding empty vector (2-4 g / well), and a GFP expression plasmid (1 g / well). For the GAL4/c-Jun or GAL4/ATF2 reporter assays, cells were transfected with both Pfr-L uc (5 g), a luciferase reporter plasmid driven by the GAL4 response element, and either Pfa2-c-Jun (1 g) or Pfa2-ATF2 (1 g), expression plasmids encoding f usion proteins containing the N-terminal activation domain of c-Jun or ATF2 and the GAL4 DNA binding domain. For the AP-1 reporter assay, cells were transfected with the AP-1 reporter plasmid, in which luciferase expression is under the control of the AP-1 response element (5 g). In experiments examining the effect of apoptotic stimuli on reporter activity, cells were harvested 6 -12 hr after these treatments were initiated. C ells were rinsed twice with warm PBS, harvested in reporter lysis buffer (Promega, Madison, W I), and placed in 1.5 ml tubes on ice. E xtracts were vortexed and centrif uged. Supernatants were collected and used for the luciferase assays according to the protocol of the manufacturer. To help control for variability in transfection efficiency, the number of GFP-positive cells was used to normalize the luciferase values obtained. In each reporter experiment, four 60 mm wells were transfected with the constructs being assayed. Each construct was assayed in at least two independent experiments.
Immunoblotting. To monitor the levels of Egr1 protein, cells extracts were harvested in a lysis buffer containing 20 mM H EPES, pH 7.9, 0.4 M NaC l, 20% glycerol, 5 mM MgC l 2 , 0.5 mM EDTA, 0.1 mM EGTA, and 1% Nonidet P-40, supplemented with freshly added 5 mM dithiothreitol, 10 g /ml leupeptin, 0.1 mM benzamidine, and 0.5 mM phenylmethylsulfonyl fluoride. The cell extracts were clarified by centrif ugation, and ϳ40 g of supernatant protein from each sample were processed for immunoblotting with antibodies to the C terminal of Egr1 (Santa Cruz Biotechnology, Santa Cruz, CA) and ␣-tubulin (sc-5546, 1:500; Santa Cruz Biotechnology).
RESULTS

Role of the Egr family in apoptosis induced by potassium deprivation
Previous studies have provided immunocytochemical evidence that Egr1 protein levels are increased in granule cells 6 hr after reducing the potassium concentration in the medium (Catania et al., 1999) . To confirm those results, we conducted immunoblotting studies on cerebellar granule cell culture extracts harvested before or after potassium deprivation. Consistent with the immunocytochemical findings, we found that Egr1 protein levels are increased at 6 hr after potassium deprivation ( Fig. 1 A) . However, in contrast to previous studies that reported that Egr1 expressed in these cultures has an aberrantly low molecular weight (Catania et al., 1999) , we found that Egr1 migrated at the expected molecular weight, ϳ80 kDa, matching that displayed by recombinant rat Egr1 expressed in HEK293 cells. As reported previously, Egr1 migrates as a broad band, a feature that presumably reflects posttranslational modification of the protein (Cao et al., 1990; Grimes and Jope, 1999) .
Because these results indicated that Egr1 is induced in this apoptotic paradigm, we wanted to examine whether it plays a critical role in this process. To accomplish this, we used a dominant negative approach. The defining feature of the Egr family is a highly conserved zinc finger DNA binding domain shared by all four Egr family members (Gashler and Sukhatme, 1995; . This domain mediates their interaction with a consensus DNA binding site referred to as the ERE (Christy and Nathans, 1989; Swirnoff and Milbrandt, 1995) . In previous studies conducted in PC12 cells, we demonstrated that this zinc finger domain is an effective and selective inhibitor of Egr-mediated transcription (Levkovitz et al., 2001) . Therefore, we reasoned that a dominant negative Egr construct of this type would be useful in determining whether Egr1 or other Egr family members play a critical role in mediating apoptosis in this paradigm.
Before investigating the effect of the Egr inhibitor construct on apoptosis in this paradigm, we first wanted to check whether it effectively blocks ERE-mediated transcription in these cells. To this end, we assessed the effect of the zinc finger domain of Egr1, ZnEgr1 (Fig. 1 B) , on the activity of a luciferase reporter placed under the control of an ERE. Consistent with our immunoblotting studies, we found that potassium deprivation stimulated the activity of the ERE reporter. Furthermore, as expected, we found that ZnEgr1 abolishes this increase (Fig. 1C) .
To monitor the effect of ZnEgr1 on apoptosis in this preparation, we cotransfected a GFP expression plasmid with either a plasmid containing the ZnEgr1 insert or the corresponding vector without an insert. We then determined the percentage of GFPpositive cells that displayed pyknotic nuclei, as revealed by Hoechst staining. We found that the ZnEgr1 plasmid exerted a high degree of protection from apoptosis induced by switching to low potassium (Fig. 2) . The protective effect of ZnEgr1 appears to be attributable to its blockade of endogenous Egr family members, because the corresponding zinc finger domain from Egr3, ZnEgr3, mimics this effect, whereas a structurally similar zinc finger DNA binding domain from Sp1, which does not bind to the ERE with high affinity, does not (Nardelli et al., 1991) .
Because these studies implicated Egr1 or other Egr family members in mediating apoptosis in this paradigm, we wanted to check whether increased expression of Egr family members might be sufficient to activate the apoptotic process. However, transfection with a full-length Egr1 expression construct did not induce apoptosis (control, 10 Ϯ 7%; Egr1, 16 Ϯ 10%), indicating that elevated expression of Egr family members acts in concert with other factors to induce apoptosis in these cells. As a positive control to check that the Egr1 expression construct is effective in this preparation, we confirmed that it stimulated the ERE reporter by ϳ10-fold over control levels (data not shown).
To assess whether Egr1 might potentiate the apoptotic response to potassium deprivation, we examined its effect 24 hr after initiating this apoptotic stimulus. At this time point, Egr1 augmented the apoptotic response induced by potassium deprivation. In addition, we found that ZnEgr1, which confers protection after 2 d (Fig. 2 A) , also does so at the 1 d time point (Fig. 2C) .
To characterize further the role of the Egr family in apoptotic signaling, we examined whether it is also involved in apoptosis induced in these cells by another stimulus. Previous studies have demonstrated that immature granule cells undergo apoptosis when exposed to high concentrations of AraC (Dessi et al., 1995; Courtney and Coffey, 1999) . In contrast to the results obtained in the potassium deprivation paradigm, AraC did not trigger an increase in the activity of the ERE reporter and ZnEgr1 did not inhibit cell death induced by AraC (Fig. 3 A, B) .
ZnEgr1 protects by acting upstream of c-Jun activation
Because ZnEgr1 confers protection against apoptosis induced by potassium deprivation but not AraC, these studies suggest that it acts on signaling pathways involved selectively in mediating apoptosis triggered by potassium deprivation. Comparison of the signaling pathways implicated in these apoptotic paradigms revealed that one salient difference is the involvement of the c-Jun N-terminal protein kinase (JNK)-c-Jun pathway in apoptosis induced by potassium withdrawal but not by AraC (Miller and Johnson, 1996; Tanabe et al., 1998; Watson et al., 1998; Courtney et al., 1999; Le-Niculescu et al., 1999) . Accordingly, we started to analyze the site of action of ZnEgr1 by assessing whether it blocks 4 ZnEgr1 construct (Low K vs Low K ϩ ZnEgr1, p Ͻ 0.005). Reporter activity is presented as the ratio of luciferase activities, or relative luciferase units (RLU), detected in extracts from treated and control cultures. Cells were transfected with the ERE reporter and either ZnEgr1 or an empty vector. On the second day after transfection, cell extracts were harvested for luciferase assay, 6 hr after switching the potassium concentration. Error bars shown in this and subsequent figures depict SEM values. Figure 1 . Potassium deprivation increases Egr1 protein levels and ERE reporter activity. A, Immunoblot analysis of Egr1 levels. The left panel shows an immunoblot of extracts prepared from either control (High K ) or potassium-deprived (Low K ) granule cell cultures harvested 6 hr after switching to potassium deprivation. The broad protein band corresponding to Egr1, which migrates with a molecular weight of ϳ80 kDa, is indicated by the arrow. Samples in each lane were obtained from separate culture dishes. Immunoblot analysis of rat Egr1 expressed in HEK293T cells, shown in the right panel, demonstrates that recombinant Egr1 also yields a broad protein band (indicated by asterisk), which comigrates with the band identified as Egr1 in cerebellar granule cell extracts. The Egr1 band is not detected in extracts from HEK293T cells that were transfected with an empty vector (Control ). B, Schematic diagram of Egr1 and ZnEgr1. The diagram presented in this panel shows the portion of Egr1 contained in the zinc finger DNA binding domain construct, ZnEgr1, being used as an inhibitor of ERE-mediated transcription. C, Stimulation of an ERE reporter by potassium deprivation: blockade by ZnEgr1. Reducing the concentration of potassium in the medium from 25 mM (High K ) to 5 mM (Low K ) triggers a fivefold increase in ERE reporter activity ( p Ͻ 0.01). This increase is abolished by cotransfection of the apoptosis mediated by a constitutively active c-Jun construct, c-Jun(Asp). In contrast to its protective effect in the potassium deprivation paradigm, ZnEgr1 did not inhibit cell death induced by c-Jun(Asp) (Fig. 4) .
Because ZnEgr1 blocks cell death induced by potassium deprivation, which is mediated by c-Jun, but does not block apoptosis induced by c-Jun(Asp), we reasoned that its protective effects may be mediated by acting upstream of c-Jun to block its activation. To test this inference, we examined the effect of ZnEgr1 on two reporter assays that are useful for monitoring activation of c-Jun. In one, we used a conventional AP-1 reporter that would be sensitive to changes in either the levels of c-Jun or its phosphorylation. In the other, we used a c-Jun/GAL4 reporter system that monitors stimulation of c-Jun-mediated transcription mediated by phosphorylation of its N-terminal activation domain. In this assay, cells are transfected with both a GAL4 reporter plasmid and a plasmid encoding a fusion protein composed of the GAL4 DNA binding domain and the N-terminal activation domain of c-Jun. Consistent with previous studies demonstrating that c-Jun activation plays a key role in this apoptosis paradigm, we found that potassium deprivation increases the activity of both of these reporters (Fig. 5 A, B) . Furthermore, we found that ZnEgr1 abolished these increases, suggesting that it confers protection by blocking c-Jun activation. To control for the possibility that ZnEgr1 might exert a nonspecific inhibitory effect on these reporter assays, we confirmed that it does not suppress activation of the AP-1 reporter by c-Jun(Asp) (Fig. 5C ), a finding that is also consistent with its inability to block apoptosis induced by this construct (Fig. 4) .
Together, these findings indicate that endogenous Egr family members induced in this paradigm play a critical role in activating c-Jun. To assess this inference directly, we examined the effect of Egr1 on the GAL4/c-Jun reporter. Consistent with our observation that Egr1 by itself does not trigger apoptosis in these cells, it is also unable to activate this reporter in cells maintained in elevated potassium. Because we had found that Egr1 enhances the apoptotic effect of potassium deprivation (Fig. 2C) , we also assessed whether it might potentiate the increase in this reporter assay elicited by switching to low-potassium medium (Fig. 5D) . Consistent with this possibility, we found that Egr1 elevates the level of GAL4/c-Jun reporter activity above that triggered by potassium deprivation. However, this result did not reach the conventional threshold used to assess statistical significance ( p Ͻ 0.065).
ZnEgr1 acts downstream of MEKK1
Although the signaling pathways linking potassium deprivation to c-Jun activation have not been defined in great detail, it is widely assumed that they involve activation of one or more the kinase cascades capable of activating c-Jun. One candidate upstream kinase implicated in this process is MEKK1, because it triggers c-Jun activation and induces apoptosis in neurons . Accordingly, to help define which aspect of the signaling pathway upstream of c-Jun is blocked by ZnEgr1, we examined the effect of this Egr inhibitor construct on these effects of MEKK1. We found that ZnEgr1 is highly effective in protecting cerebellar granule cells from apoptosis induced by MEKK1 and that it also inhibits the ability of MEKK1 to stimulate the GAL4/ c-Jun reporter (Fig. 6 A, B) . These inhibitory effects of ZnEgr1 do not appear to be attributable to an inadvertent suppression of MEKK1 expression, because ZnEgr1 does not diminish MEKK1 activation of an ATF2 reporter (Fig. 6C) . Thus, these findings indicate that ZnEgr1 selectively blocks c-Jun activation by interfering with the signaling pathway linking upstream kinases, such as MEKK1, to c-Jun activation.
In these studies, we have used ZnEgr1 as a tool to obtain information about the role of endogenous Egr family members in apoptosis. The ability of ZnEgr1 to block activation of the c-Jun/ GAL4 reporter induced by MEKK1, as found for potassium deprivation, suggests that this kinase is able to induce expression of endogenous Egr family members that play a critical role in activating c-Jun. We obtained direct support for this inference by demonstrating that MEKK1 strongly increases the activity of the ERE reporter (Fig. 6 D) . However, cotransfection of Egr1 with MEKK1 does not significantly potentiate the ability of MEKK1 to stimulate the c-Jun/GAL4 reporter (Fig. 6 B) , presumably because the effect of heterologously expressed Egr1 is occluded by the strong induction of MEKK1 of endogenous Egr family members.
DISCUSSION
The two major findings of this study are as follows: (1) that Egr inhibitor constructs block granule cell apoptosis induced by potassium deprivation, and 2) that they act upstream of c-Jun activation, an essential step in engaging the apoptotic process in this paradigm. Because the signaling pathways linking survival factor withdrawal to c-Jun activation are poorly understood, these findings provide an important new clue to deciphering these critical, early steps in the apoptotic process.
Several lines of evidence support our conclusion that endogenous Egr family members play a critical role in activating the cell death program in this paradigm. First, Egr1 protein levels are increased in this paradigm, as is the activity of an ERE reporter. Second, ZnEgr1, which confers protection, blocks the increase in ERE reporter activity. Third, this protective effect is mimicked by ZnEgr3, which also binds to the ERE consensus sequence with a high degree of specificity, but not ZnSp1, which recognizes a distinct response element. Fourth, Egr1 overexpression potentiates the apoptotic response induced by potassium deprivation.
Although we have demonstrated that Egr1 is induced in this paradigm, our results do not rule out the possibility that other Egr family members may be involved in this apoptotic process as well. Because previous studies have demonstrated that neuronal stimulation often induces expression of multiple Egr family members , we have conducted gel-shift studies to check for the presence of other Egr family members in this paradigm. These pilot studies indicate that both Egr1 and Egr3 are induced by potassium deprivation (Y. Levkovitz, unpublished observations) . Because the Egr inhibitor constructs used in this study would be expected to block transcription mediated by any of the four Egr family members, our studies leave open the possibility that multiple Egr family members are involved in this neuronal apoptosis paradigm.
In addition to providing compelling evidence that the Egr family plays a critical role in mediating apoptosis in the potassium deprivation paradigm, we have also made substantial inroads into Figure 5 . Effect of Egr1 and ZnEgr1 on c-Jun-mediated transcription. A, ZnEgr1 blocks stimulation of AP-1 reporter activity induced by potassium deprivation. All groups were transfected with the AP-1 reporter plasmid and either ZnEgr1 or empty vector. After transfection, cells were either maintained in 25 mM KCl (High K ) or switched to 5 mM KCl (Low K ). Cell extracts were harvested for luciferase assays 6 hr later. Control versus Low K, p Ͻ 0.02; Low K versus Low K ϩ ZnEgr1, p Ͻ 0.09. B, ZnEgr1 blocks activation of c-Jun induced by potassium deprivation. All groups of cells were transfected with the GAL4/c-Jun reporter system plasmids and either ZnEgr1 or empty vector. Potassium deprivation stimulates GAL4/c-Jun reporter activity (control vs Low K, p Ͻ 0.02), and this effect is blocked by ZnEgr1 (Low K vs Low K ϩ ZnEgr1, p Ͻ 0.04). C, ZnEgr1 does not inhibit the ability of c-Jun(Asp) to stimulate AP-1 reporter activity. Cells were transfected with the AP-1 reporter plasmid and empty vector (control), c-Jun(Asp), or both c-Jun(Asp) with ZnEgr1. Two days after transfection, cell extracts were harvested for luciferase assays. c-Jun(Asp) stimulates AP-1 reporter activity [control vs c-Jun(Asp), p Ͻ 0.02]; however, this response is not blocked by cotransfection with ZnEgr1. D, Effect of Egr1 on c-Jun activation. Cells were transfected with the Gal4/c-Jun reporter system plasmids and either Egr1 or empty vector. Two days after transfection, some cells were switched to Low K, as indicated. Cell extracts were harvested for luciferase assays 6 hr later. As shown in B, potassium deprivation stimulates GAL4/c-Jun reporter activity. Egr1 overexpression augments the response to Low K; however, the difference between these two groups does not meet the conventional criterion for statistical significance (Low K vs Low K ϩ Egr1, p Ͻ 0.065).
understanding where it interacts with apoptotic signaling pathways. In particular, our results localize its site of action upstream of c-Jun. This conclusion is based on multiple lines of evidence. First, ZnEgr1 does not block apoptosis induced by c-Jun(Asp), a constitutively active version of c-Jun. Second, ZnEgr1 blocks the potassium deprivation-induced increase in two reporter assays used to monitor activation of c-Jun. Third, ZnEgr1 inhibits the ability of MEKK1 to induce apoptosis and activate the c-Jun/ GAL4 reporter. Thus, together, these results indicate that the Egr family plays an essential role in enabling upstream signaling events, such as potassium deprivation or MEKK1 activation, to activate c-Jun-mediated transcription (Fig. 7) .
Although it is unclear whether endogenous MEKK1 is involved in apoptotic signaling in this paradigm, the ability of ZnEgr1 to block the actions of transfected MEKK1 suggest that it acts on a portion of the signaling pathway between MEKK1 and c-Jun activation. Because recent studies have implicated p38 MAPK in playing a critical role in c-Jun phosphorylation in this apoptotic paradigm (Yamagishi et al., 2001 ), it will be interesting in future experiments to determine whether Egr target genes are involved in activation of p38 elicited by potassium deprivation. Conceivably, these could act by blocking dephosphorylation of p38, thereby enhancing or prolonging its activity. Precedent for the proposal that inducible genes may regulate the MAPK signaling pathway is provided by MKP, an inducible MAPK phosphatase (Hutter et al., 2000; Sanchez-Perez et al., 2000) . Another plausible scenario is that Egr family members control expression of scaffolding proteins, such as JIPs (JNK interacting proteins), which plays a central role in allowing MEKK1 or related kinases to activate c-Jun efficiently (Yasuda et al., 1999; Harding et al., 2001 ).
Although we favor the view that ZnEgr1 acts by blocking ERE-mediated changes in transcription, it is conceivable that ZnEgr1 blocks these actions of MEKK1 by acting as a substrate of MEKK1 or one of its downstream kinases and in this way interferes with c-Jun activation. However, ZnEgr1 does not block MEKK1 activation of ATF2, which argues against this possibility. Furthermore, if this were the case, then one would expect that full-length Egr1, which contains the ZnEgr1 domain, would exert a similar effect. Because this is not the case, this explanation B, ZnEgr1 inhibits the ability of MEKK1 to activate c-Jun. Cells were transfected with the GAL4/c-Jun reporter system plasmids and the plasmids indicated below each bar. Eight hours after transfection, cell extracts were harvested for luciferase assays. MEKK1 stimulates GAL4/c-Jun reporter activity (control vs MEKK, p Ͻ 0.02). This effect is blocked by ZnEgr1 (MEKK vs MEKK ϩ ZnEgr1, p Ͻ 0.02). Coexpression of Egr1 with MEKK does not further potentiate reporter activity. C, ZnEgr1 does not inhibit MEKK1-induced activation of ATF2. Cells were transfected with the ATF2 reporter system plasmids and the plasmids indicated below each bar. Eight hours after transfection, cells were harvested for luciferase assays. MEKK stimulates ATF2 reporter activity (control vs MEKK, p Ͻ 0.009). However, this effect is not inhibited by cotransfection with ZnEgr1. D, MEKK1 strongly stimulates ERE reporter activity. Cells were transfected with the ERE reporter plasmid and either empty vector or a constitutively active MEKK1 plasmid (MEKK). Eight hours after transfection, cells were harvested for luciferase assays. Control versus MEKK, p Ͻ 0.006. seems unlikely. Accordingly, we propose that ZnEgr1 confers protection by opposing the action of endogenous Egr family members on one or more ERE-regulated target genes that play an essential role in allowing potassium deprivation to increase c-Junmediated transcription.
Because it is presumably advantageous to target early steps in apoptotic signaling pathways as a means of maximizing protection of neurons from cellular damage or death, these studies indicate that Egr family members or their target genes may be attractive candidates for developing agents that combat neuronal apoptosis. Because recent studies emphasize that apoptotic mechanisms exhibit cell-specific variations, it will also be important in future studies to determine whether Egr family members play a similar role in other neuronal apoptosis paradigms that are critically dependent on c-Jun activation (Estus et al., 1994; Ham et al., 1995; Yang et al., 1997; Behrens et al., 1999) . Figure 7 . Model of apoptotic signaling pathway linking potassium deprivation to c-Jun activation: site of the protective action of ZnEgr1. As shown in this schematic diagram, our findings indicate that ZnEgr protects granule cells from apoptosis induced by potassium deprivation by suppressing c-Jun activation. Because ZnEgr1 does not protect against the apoptotic effects of c-Jun(Asp), we infer that it acts upstream of c-Jun activation. This inference is corroborated by studies demonstrating that ZnEgr1 blocks c-Jun activation triggered by potassium deprivation. Furthermore, we have placed ZnEgr1 downstream of MEKKs because it blocks the ability of MEKK1 to stimulate c-Jun activation and induce apoptosis. Because these findings indicate that Egr1 or other Egr family members are necessary for mediating c-Jun activation by MEKK1, but Egr1 is not sufficient to stimulate c-Jun reporter activity on its own, we hypothesize that it acts in concert with JNK kinases downstream of MEKKs to activate c-Jun. Thus, according to this model, MEKK1 is able to stimulate c-Jun by triggering both induction of Egr proteins and activation of JNKs.
